Abstract-Polycystic kidney disease is characterized by cardiovascular irregularities, including hypertension. Dopamine, a circulating hormone, is implicated in essential hypertension in humans and animal models. Vascular endothelial primary cilia are known to function as mechano-sensory organelles. Although both primary cilia and dopamine receptors play important roles in vascular hypertension, their relationship has never been explored. To determine the roles of the dopaminergic system and mechano-sensory cilia, we studied the effects of dopamine on ciliary length and function in wild-type and mechano-insensitive polycystic mutant cells (Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk ). We show for the first time that mouse vascular endothelia exhibit dopamine receptor-type 5 (DR5), which colocalizes to primary cilia in cultured cells and mouse arteries in vivo. DR5 activation increases cilia length in arteries and endothelial cells through cofilin and actin polymerization. DR5 activation also restores cilia function in the mutant cells. In addition, silencing DR5 completely abolishes mechano-ciliary function in WT cells. We found that DR5 plays very important roles in ciliary length and function. Furthermore, the chemo-sensory function of cilia can alter the mechano-sensory function through changes in sensitivity to fluid-shear stress. We propose that ciliary DR5 has functional chemo-and mechano-sensory roles in endothelial cells. (Hypertension. 2011;58:325-331.) • Online Data Supplement Key Words: dopamine receptors Ⅲ polycystic kidney disease Ⅲ primary cilia Ⅲ vascular endothelia P rimary cilium is a small hair-like projection present on the apical membrane of most cells. By virtue of its shape and location, the primary cilium is able to act as an antenna, sensing and transmitting information from the extracellular matrix to the cell interior. To assist with its unique sensory roles, a high density of specialized proteins, such as receptors, ion channels, kinases, phosphatases, secondary messengers, and other signaling modules, is localized in the ciliary membrane, cilioplasm, or at the ciliary base. 1 These proteins enable the primary cilia to act as chemo-sensors and mechano-sensors.
P rimary cilium is a small hair-like projection present on the apical membrane of most cells. By virtue of its shape and location, the primary cilium is able to act as an antenna, sensing and transmitting information from the extracellular matrix to the cell interior. To assist with its unique sensory roles, a high density of specialized proteins, such as receptors, ion channels, kinases, phosphatases, secondary messengers, and other signaling modules, is localized in the ciliary membrane, cilioplasm, or at the ciliary base. 1 These proteins enable the primary cilia to act as chemo-sensors and mechano-sensors.
Dysfunctional cilia have been associated with a large number of diseases, such as polycystic kidney disease (PKD) and various other diseases, which have been collectively referred to as "ciliopathies." Improper structure and function of the primary cilia have been reported in patients experiencing PKD. [2] [3] [4] In addition to renal cyst formation, PKD is also characterized by noncystic manifestations, such as hypertension, left ventricular hypertrophy, cardiac valve abnormalities, intracranial aneurysms, and abdominal wall hernias, among others. 5, 6 Furthermore, hypertension in PKD has been associated with abnormal mechanosensory cilia function and structure. 7, 8 Dopamine is an endogenous neuronal hormone, known to produce a wide range of cardiovascular and renal effects.
Various subtypes of dopamine receptors are known to be present in different parts of the cardiovascular system. 9 Hence, dopamine is known to regulate systemic blood pressure, renal hemodynamics, and electrolyte balance. In humans, activation of dopamine receptors within the blood vessels can cause vasodilation. 10 Most importantly, circulating dopamine mediates vasodilation through both endotheliumdependent (60%) and endothelium-independent (40%) mechanisms. 11 Within the vascular endothelial cells, dopamine receptors type 1 (DR1) and 5 (DR5) are involved in endothelium-dependent relaxation. 12 Because of this, any abnormality in dopamine metabolism and/or receptor function has been implicated in essential hypertension in humans [13] [14] [15] and animal models. 16 -18 Despite the fact that cilia and dopamine play critical roles in hypertension, their relationship has not been explored. All we know from the clinical study is that PKD patients with borderline hypertension are better managed with DOPA (3,4-dihydroxyphenylalanine; a dopamine precursor) than with angiotensin-converting enzyme inhibitors. 19 Our current studies show for the first time that the dopaminergic system regulates sensory cilia structure and function. Activation of the ciliary dopamine receptor increases cilia length. To examine the relationship between dopamine and cilia within PKD, we further used mechano-insensitive Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk endothelial cells, derived previously from Pkd mouse models. 7, 8 We show that ciliary dopamine activation can restore mechano-sensory cilia function in response to fluid-shear stress. We propose that localization of the dopamine receptor to cilia plays important chemo-sensory and mechano-sensory roles in vascular endothelial cells.
Materials and Methods
The use of endothelial cells and other biohazard reagents was approved by the University of Toledo Institutional Biosafety Committee. The use of animal tissues was approved by the University of Toledo animal care and use committee. The details of this section on pharmacological agents, sequences for primers, and small-interfering RNAs (siRNAs) are available in the online Data Supplement at http://hyper.ahajournals.org.
Results

DR5 Localizes to and Regulates Length of Primary Cilia
We show for the first time that DR5 is localized to the primary cilia of cultured endothelial cells and the femoral artery in vivo. Using well-characterized mouse endothelial cells, expressions of DR3 and DR5 are detected at the transcript level ( Figure S1A , available in the online Data Supplement). Subcellular localization of these receptor subtypes was studied in 3D using DR3-and DR5-specific antibodies ( Figure 1A ). DR5 is localized to primary cilia of wild-type and Pkd1 Ϫ/Ϫ endothelial cells. DR5 is also localized in short, stubby cilia of Tg737 orpk/orpk cells. DR5 cilia localization was observed widely in a monolayer of endothelial cells and also in endothelia of the femoral artery in vivo ( Figure S1B ). No specific localization of DR3 was observed in the cilia (data not shown).
Dopamine treatment for 4 or 16 hours increases cilia length in a dose-dependent manner ( Figure 1B) . Concentration of dopamine to induce maximal increase in cilia length is optimal at 10 mol/L for both 4 and 16 hours. Activation of DR5 is sufficient to increase cilia length ( Figure S2A ). To further confirm that DR3 activation does not play a role in cilia length regulation, we used the DR3 inhibitor in the presence of dopamine. Observation with immunofluorescence and electron microscopy techniques shows that DR5 activation, either with dopamine or a DR5-specific agonist, increases cilia length ( Figure S2B ). To further verify this finding, we isolated and treated mouse femoral arteries with either vehicle or 10 mol/L of dopamine for 16 hours ( Figure  S3A ). As expected, dopamine increases cilia length ex vivo comparable to that of cultured cells. Because the femoral artery contains smooth muscle cells, which also have primary cilia, 20,21 the artery was laid down in such a way that only the first layer of cells from the intima was observed through both immunofluorescence and electron microscopy techniques ( Figure S3B ).
To understand the functional relevance of ciliary DR5 in PKD, we examined DR5 activation in Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk endothelial cells ( Figure 1B) . Interestingly, cilia length is also increased significantly in Pkd1 Ϫ/Ϫ cells treated with dopamine. Because of their small and stubby cilia, we were not able to accurately determine the cilia length measurement in Tg737 orpk/orpk cells. However, it is surprising that the length of cilia in Tg737 orpk/orpk cells tends to be longer or occasionally restored, as seen in wild-type cells. In all of the genotypes, receptor activation with dopamine does not show an apparent subcellular redistribution of DR5 (data not shown).
Dopamine Increases Cilia Length Through Cellular Actin Differentiation via Cofilin Dephosphorylation
Inhibition of actin polymerization has been shown to play an important role in ciliogenesis. [22] [23] [24] Furthermore, the dephosphorylated or activated form of cofilin has been shown to inhibit actin polymerization. 25, 26 To examine this possibility in our system, we measured phosphorylated cofilin before and after treatment with dopamine for 15 and 60 minutes (Figure 2A ). Supporting our idea, a significant decrease of phosphorylated cofilin is observed in dopamine-treated cells ( Figure 2B ). Throughout our Western blot analyses, we also consistently observed the expression level of total actin to be greater in Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk than in wild-type cells. Please note that we denoted the total actin as globular actin and filamentous actin (F-actin) because we reduced and monomerized F-actin during our sample preparation. Thus, we next analyzed F-actin only to further understand the effects of dopamine in actin polymerization ( Figure 2C ). To our surprise, dopamine induces actin rearrangement in all of the cell types. Although the effect on Tg737 orpk/orpk cells is not as substantial, dopamine induces redistribution of stress actin fibers to cortical actin. This actin redistribution has been associated with shear-induced cellular differen- orpk/orpk cells were analyzed for the ratio of phosphorylated cofilin (p-cofilin) to total cofilin (t-cofilin) before and after 10 mol/L of dopamine (DA) treatment for 15 or 60 minutes. Both ␣-tubulin and GAPDH were used as loading controls, whereas total actin (t-actin) consistently expresses at a higher level in the mutant cells. B, Dopamine significantly decreases levels of phosphorylated cofilin in wild-type, Pkd1 Ϫ/Ϫ , and Tg737 orpk/orpk cells. C, Dopamine induces cellular differentiation, as evidenced from cytoskeletal actin rearrangement. Stress actin fibers and cortical actin formation are, respectively, presented before (control) and after 60 minutes of dopamine treatment. Nϭ3 independent experiments. *PϽ0.05.
tiation, 27 a characteristic of mechanical-induced cilia activation. 28 To further confirm the roles of cofilin in regulating cilia length, we used calyculin to increase the basal phosphorylation level of cofilin by blocking protein phosphatase 1. Thus, calyculin would be constitutively inactivated. Blocking cofilin sufficiently and significantly decreases cilia length in the presence or absence of dopamine ( Figure S4A ). When the F-actin was analyzed, the association between actin rearrangement and cilia length was further confirmed ( Figure  S4B ). We found that calyculin could block dopamine-induced actin rearrangement.
Activation of Ciliary Dopamine Receptor Partially Restores Mechanosensory Function of Endothelial Cilia in Pkd1
؊/؊ and Tg737 orpk/orpk Cells Because primary cilia have been proposed to be chemosensory organelles 29, 30 and to further verify the functional specificity of DR5 in the cilia, we challenged wild-type endothelial cells with dopamine, DR5-specific, and DR3-specific agonists ( Figure S5A ). Our data show that DR3 activation has no functional implication, at least in cytosolic calcium increases. Most important is that the agonist-induced cytosolic calcium studies validate the involvement of DR5 in cilia function. We also challenged Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk cells with dopamine ( Figure S5B ). As in wild-type cells, the chemosensory role of the dopamine receptor in the cilia was verified in these mutant cells. Because of shorter cilia and, thus, lower DR5 expression level to cilia, a much smaller increase in cytosolic calcium was observed in Tg737 orpk/orpk cells. Vascular endothelial cilia have also been proposed to function as mechanosensory organelles. 31, 32 To examine the correlation between cilia length and function, we performed fluid-shear stress experiments to analyze cilia function in wild-type cells treated with vehicle or 10 mol/L of dopamine for 16 hours ( Figure 3A) . We found that the averaged areas under the curve in the presence and absence of dopamine were not significantly different. Thus, dopamine significantly increases cilia length in wild-type endothelial cells, but its effect on cilia function is minimal. Because dopamine also increases cilia length in Pkd1 Ϫ/Ϫ cells, as well as Tg737 orpk/orpk cells, we next examined whether dopamine could have an effect on the mechanosensory function of cilia. Unexpectedly, the mechanosensory role in Pkd1 Ϫ/Ϫ cells was restored in the presence of dopamine ( Figure 3B ). More surprisingly, the mechanosensory role in Tg737 orpk/orpk cells was also restored in the presence of dopamine ( Figure 3C ).
Ciliary DR5 Is a Mechanosensory Receptor
To further confirm DR5 as a mechanosensory receptor, we transfected wild-type endothelial cells with various green fluorescent protein-tagged siRNAs, thereby knocking down DR5 level in the cells. Protein analysis shows substantially repressed DR5 expressions in siRNA-treated cells compared with untreated cells or cells transfected with scramble siRNA ( Figure 4A ). As expected, no DR5 was detected in the cilia of DR5-specific siRNA-treated cells ( Figure 4B ). Furthermore, DR5 knockdown cells have significantly shorter cilia, confirming the role of dopamine in regulating cilia length ( Figure  4C ). Consistent with our data showing that dopamine regulates cilia length through actin distribution, dopamineinduced actin distribution is abolished in DR5 knockdown cells ( Figure 4D ). To examine the mechanosensory function of cilia, we next challenged the cells with fluid-shear stress ( Figure 4E ). Cells treated with siRNA became insensitive to fluid flow, supporting the role of DR5 as a mechanosensory protein in vascular endothelial cells. Unlike the regulatory system of cilia length, however, blocking cofilin through the protein phosphatase 1 antagonist does not have any substantial effect on mechanosensory cilia function ( Figure S6 ). This indicates that regulatory pathways of cilia length and function may be differentially regulated. 
Discussion
For the first time, we show that DR5 is localized to primary cilia in wild-type cells, as well as in ciliary abnormal Pkd1
and Tg737 orpk/orpk endothelial cells. We further provide evidence supporting the ciliary roles of DR5 as a chemo-and mechano-sensor. In addition, we show that endothelial cells can alter their sensitivity to fluid-shear stress through chemosensory function of cilia. The regulation of cilia structure involves dephosphorylated cofilin, which controls cellular cytoskeleton actin filament rearrangement. This cellular actin differentiation is required for extension of cilia length, including in Tg737 orpk/orpk cells. Most interesting is that activation of ciliary DR5 would promote and restore cilia function, especially in Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk endothelial cells. We propose that ciliary DR5 within the vascular endothelia can provide a substantial implication in ciliarelated diseases, such as hypertension and PKD.
In the present study, we find that DR5 is specifically localized to vascular endothelial cilia in cultures and arteries in vivo. Dopamine through activation of DR5 increases cilia length in a concentration-dependent manner within 4 hours in cultures and mouse femoral arteries ex vivo. We did not perform in vivo study in mice, because the dose-response study in vivo is still largely a challenge because of a drop in blood pressure caused by dopamine. More specifically, dopamine induces vasodilation in vivo, compromising an overall collapse of the cardiovascular system. Regardless, the ciliary DR5 in cultured cells or blood vessels is a functional receptor, because specific activation of DR5 shows responses in both ciliary length and cytosolic calcium increase. 
Abdul-Majeed and Nauli Vascular Hypertension in Polycystic Kidney Disease
Recently, we have proposed that endothelial cilia are mechanosensory organelles that play a major role in the pathogenesis of hypertension. 7, 8 Abnormalities in dopamine synthesis or dopamine receptor function have also been implicated in essential hypertension in humans [13] [14] [15] and animal models. 16 -18 For example, mouse genetic model with aberrant DR5 exhibits severe hypertension with unopposed sympathetic activity. 18 Furthermore, it was previously unknown how hypertensive PKD patients could be managed more successfully with a dopamine precursor than other antihypertensive therapies. 19 To examine the functional relevance of DR5 within PKD, we used Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk endothelial cells derived previously from Pkd mouse models. These mutant cells have abnormal mechano-sensory cilia function and structure, respectively. 7 A primary cilium is structurally composed of acetylated and detyrosinated microtubules, which connect to the submembranous actin network at its basal body. Ciliogenesis in Tg737 orpk/orpk cells has been observed in the presence of cytocalasin D, an actin polymerization inhibitor. [22] [23] [24] Pharmacological agents that disrupt microtubule polymerization, like nocodazole, promote the formation of actin stress fibers. On the other hand, agents that stabilize microtubules, such as Taxol, inhibit assembly of actin filaments. Thus, any activation or inhibition of actin polymerization could affect the microtubule-based cilium.
Patients with PKD exhibit significant connective tissue abnormalities involving vascular and airway smooth muscle cells, 21 suggesting a possible disruption of cellular actin dynamics. In addition, vascular cells derived from a mouse Pkd model exhibit higher levels of cofilin when activated by the adrenergic receptor agonist, 33 which further confirms the role of actin dynamics in the cilia dysfunction model. Cofilin, a small ubiquitous protein that binds to actin cytoskeleton, can promote the rate of monomer disassociation and sever actin filament, thereby inhibiting actin polymerization. 25, 26 To further examine the roles of activated cofilin by dopamine, we also measured phosphorylated cofilin in our cells. Compared with wild-type cells, higher basal levels of inactivated cofilin in Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk cells were consistently observed. This probably results in inhibition of the cilia length and/or function. Consistent with this view, a consistently higher level of total actin is needed for F-actin polymerization in the mutant cells. We further show that dopamine-induced cofilin activation can promote cortical F-actin formation, which has been used as a differentiation marker in neurons. 34 Overall, our data show that dopamine can induce cofilin activation, through dephosphorylation by protein phosphatase 1. 35 Consistent with this view, when we inhibited protein phosphatase 1 with calyculin, cilia length was significantly decreased. Calyculin, downstream to dopamine, is also able to reverse the increase in cilia length and actin rearrangement observed in cells treated with dopamine. In addition, no significant change in intracellular calcium response was observed in the presence of fluid-flow shear stress, reinforcing the cellular functions of actin reorganization in ciliogenesis and DR5 in the mechano-sensory property of primary cilia.
Not only do our data show the functionality of DR5 as a chemo-sensor in cilia, our studies also demonstrate the role of DR5 as a ciliary mechano-sensor. We and others have shown that Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk cells lack mechano-sensory cilia function. 36, 37 To our surprise, dopamine not only induces an increase in cilia length, but it also restores the mechanosensory roles in both Pkd1 Ϫ/Ϫ and Tg737 orpk/orpk cells. Interestingly, in wild-type cells with normal mechano-sensory cilia function, activation of DR5 does not initiate a significant change in cilia function, although cilia length is significantly increased. We propose that activated DR5 in the cilia can have a functional sensory role in endothelial cells.
To further investigate the mechano-sensory capacity of DR5 in wild-type cells, we next knocked down DR5 expression. Inhibition of DR5 expression in cilia was achieved using different siRNA constructs, which happened to have a similar efficacy verified by our Western blot and immunolocalization studies. Dopamine-induced cofilin activation was ceased in siRNA-transfected cells, as evidence from the discontinuation of F-actin rearrangement. Most surprising is the loss of mechano-sensory function in DR5 knockdown cells. The length of the cilia in knockdown cells was similar to the length of those treated with calyculin. Whereas the cilia in DR5-knockdown cells no longer possessed their mechanosensory capabilities, cells treated with calcyculin, which still exhibited DR5 colocalized to the cilia, retained their mechano-sensory abilities. Thus, we propose that ciliary DR5 in endothelial cells has dual chemo-sensory and mechanosensory roles.
Primary cilia have been proposed to regulate cardiovascular functions, including blood pressure. 7, 8 Given the fact that DR5 mutations in mice 17, 18 or abnormal dopaminergic system in humans [13] [14] [15] lead to hypertension, we suggest that dysfunctional DR5 is associated with cellular function of cilia. As such, dysfunction in cilia and DR5 could result in a similar hypertension phenotype, as observed in PKD patients 5, 6 and patients associated with the dopaminergic system. [13] [14] [15] Thus, the chemo-sensory and mechano-sensory roles of primary cilia are equally important for the maintenance of proper cardiovascular homeostasis and vascular tone.
Perspectives
Previous clinical study indicates that hypertension in PKD patients is better managed with a dopamine precursor. 19 However, it was not immediately understood why and how it is more useful than other antihypertensive agents. We show here that activation of peripheral dopamine receptor can regulate cilia length and restore cilia function in PKD. Overall, our study helps explain dopamine receptor agonism as a potential therapeutic option in hypertensive PKD patients.
SUPPLEMENT MATERIAL I. Materials and Methods
Animal and cell culture In our studies, we used vascular endothelial cells that were previously generated and characterized for various surface and intracellular markers 1, 2 . Cells were grown on a glass surface that had been coated with rat type I collagen and sterilized under UV light. Cells were grown to a confluent monolayer in Dulbeccos's Modified Eagle Medium with 2% fetal bovine serum at 39 ºC and a constant 5% CO 2 and 95% O 2 mixture for at least 2 to 3 days before the experiments.
Qualitative PCR analysis Total RNA was isolated from mouse endothelial cells, heart and brain tissues using Qiagen RNeasy Midi kit. The cDNA was synthesized using Invitrogen SuperScript one step RT-PCR technique. The annealing temperature was at 60 ºC for 30 cycles in all cases. The primers for different types of dopamine receptors (DR) were designed based on the accession numbers from NCB database as follows: DR1 (NM_010076; 5'-AAG ATG CCG AGG ATG ACA AC-3' and 5'-CCC TCT CCA AAG CTG AGA TG-3'), DR2 (NM_010077; 5'-TGC CAT TGT TCT TGG TGT GT-3' and 5'-GTG AAG GCG CTG TAG AGG AC-3'), DR3 (NM_007877; 5'-CCC TCA GCA GTC TTC CTG TC-3' and 5'-AGT CCT CTC CAC TTG GCT CA-3'), DR4 (NM_007878; 5'-CGT CTC TGT GAC ACG CTC AT-3' and 5'-AAG GAG CAG ACG GAC GAG TA-3'), and DR5 (NM_013503; 5'-ACC AAG ACA CGG TCT TCC AC-3' and 5'-CCT CCT CCT CAC AGT CAA GC-3') Cilia analysis and measurement Primary cilia were observed with fluorescence and scanning electron microscopes. For fluorescence microscopy, cells or femoral arteries were first fixed with 4% paraformaldehyde in 2% sucrose solution for 10 minutes at room temperature. Dopamine receptor-type 5 (EMD/MercSciences; 1:2500 dilution, 72 hours at 4 °C) and type 3 (Calbiochem; 1:5,000 dilution, 72 hours at 4 °C)-specific antibodies were used. Acetylated-α-tubulin (Sigma clone 6-11B-1; 1:10,000 dilution) was used both as a cilia marker and to measure cilia length. The cover slip was then mounted on the microscope slide with mounting media containing dapi. When femoral artery was used, a segment of about 2 mm was cut open. The open lumen containing endothelia was then covered with microscope cover slip. Images were observed in an inverted Nikon Ti-U microscope and analyzed with Metamorph 7.0. All image analyses were performed by capturing series of Z-stack and compiled for a more accurate measurement.
For scanning electron micrograph, cells or femoral arteries were fixed with 2.5% paraformaldehyde / glutaraldehyde in sodium cacodylate buffer for one hour at room temperature. Samples were post-fixed with 1% aqueous osmium tetroxide solution and dehydrated using graded ethyl alcohol solutions. In case of femoral artery, after fixing and drying the piece for 24 hours, we made very fine cross-sections of the artery (~ 1mm) as such that the lumen would always be exposed for analysis. The samples were chemically dried using an initial 2-hour incubation in 50% HMDS-ethyl alcohol mixture, followed by two half-hour incubations in 100% HMDS. Micrographs were obtained and analyzed using Hitachi HD-2300 scanning electron microscope. siRNA transfection To examine cellular function of dopamine, various siRNAs were designed to knock down dopamine receptor type 5. Dividing cells were transfected with lipofectamine (Invitrogen), scramble siRNA, siRNA1 (5'-AUC AUG UGG ACA UAG GCA GCA GCG A-3'), siRNA2 (5'-AUG ACC AGC AAU GCC ACG AAG AGG U-3'), or siRNA3 (5'-CAC ACU AGG ACG UUG CCG AGC AAG G-5'). All siRNAs were conjugated with GFP to monitor transfection efficiency, and 24 nM was used with transfection efficiency of about 95%.
Cytosolic calcium measurement Endothelial cells were incubated with 5 µmol/L Fura2-AM for 30 minutes at 39 ºC. Basal calcium was equilibrated for about a minute. Agonist at optimal concentration or flow at optimal shear stress was used to monitor changes in cytosolic calcium as previously described 1, 2 . Paired fluorescence images of Fura2 at excitation wavelengths of 340 (calcium-bound indicator) and 380 nm (calcium-free indicator) were monitored and recorded at every 4 seconds using Nikon TE2000 microscope and analyzed using Metafluor software. At the end of each experiment, a minimum fluorescence was determined by treating the cells with 2 mM EGTA and 10 µmol/L ionomycin. After achieving the minimum signal, the maximum fluorescence was obtained by treating the cells with excess calcium (10 mM) to calculate intracellular free calcium. All fluorescence measurements were corrected for auto-fluorescence.
Protein detection Protein concentration was first measured using BSA kit (Pierce) with the linear regression of the standards of 0.999. A total protein of 50 or 150 mg was analyzed with a standard Western blot. The following antibodies and dilutions were used in our analyses: phospho-cofilin (Cell Signaling, 1:100), anti-cofilin (Cell Signaling, 1:250), dopamine receptor type5 (Calbiochem, 1:200), α-tubulin (Abcam, 1:5,000), actin (Sigma, 1:500) and GAPDH (Cell Signaling, 1:1,500). Expression levels were quantified using NIH's ImageJ software.
Pharmacological treatment Pharmacological agents include dopamine, dopamine receptor-3 specific antagonist (S)-Nafadotride tartrate, dopamine receptor-1/5 agonist (R)-(+)-SKF-38393 hydrochloride, and dopamine receptor-2/3 agonist (+)-bromocriptine methanesulfonate salt; all were purchased from Sigma. Pharmacological agents were added after the cells were differentiated at 39 ºC to avoid any potential effect on cell growth. Isolated femoral arteries were briefly cleaned and rinsed with PBS containing calcium. Fresh 2 mL media and the drug were added, and the samples were incubated at 39 ºC for the desired durations. In some cases, the samples were first pre-treated with an antagonist for 15 minutes before being re-challenged with an agonist for 4 or 16 hours. Extreme caution was taken when adding the drugs; drugs were pre-diluted to different concentrations so that the exact same volume of the drug solution was added to the samples, in an effort to maintain identical volume.
Statistical Analysis All quantifiable experimental values are expressed as mean±SEM, and values of p<0.05 were considered significant. All comparisons between two groups were performed with student's t-test with 2 samples assuming unequal variance. Comparisons of three or more groups were done using ANOVA, followed by Tukey's posttest. Data analysis was performed using Sigma Plot software version 11.
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Online Figure 3 Supplemental Figure 3 . Dopamine increases ciliary length in endothelia of femoral artery.
a. Isolated femoral arteries from adult mice were incubated with 10 µmol/L dopamine for 16 hours. Dopamine significantly increased length of the cilia in vascular endothelia ex-vivo. b. Cilia length was studied with fluorescence and electron micrographs. Control (untreated) or dopamine-treated (10 µmol/L) arteries shown in blue fluorescence represent the structural layout of a piece of femoral artery. Acetylated-α-tubulin is used to identify cilia length (green), and representative images were selected randomly. N=3 independent experiments; each with over 120 measurements. Arrows indicate the presence of cilia. Asterisks denote p<0.05. Bar = 1µm.
Online Figure 6 Supplemental Figure 6 . Protein phopatase-1 plays a minor role in cilia function.
Though cilia length decreases in the presence of calyculin, mechanosensory cilia function is not compromised in the presence or absence of dopamine (DA). Area under the curve for calyculin-treated cells remains unchanged. N>3 independent experiments; each represents an average of 100-150 cells.
